A series of replication-competent simian virus 40 (SV40) large T antigens with point and deletion mutations in the amino acid sequence between residues 105 and 115 were examined for the ability to immortalize primary cultures of mouse and rat cells. The results show that certain mutants, including one that deletes the entire region, are able to immortalize. However, consistent with previous data, the immortalized cells are not fully transformed, as judged by doubling time, sensitivity to concentrations of serum, and anchorage-independent growth. The region from 106 to 114 has structural features in common with a region involved in transformation by adenovirus Ela protein (J. Figge, T. Webster, T. F. Smith, and E. Paucha, J. Virol. 62:1814-1818 , 1988 A region required for the nuclear localization of large T has been defined between amino acids 126 and 132. Analysis of mutants has shown that these sequences are not required for transformation of established cells in culture (8, 12, 18) . However, their role in immortalization remains controversial. Initial studies suggested that mutants which failed to localize to the nucleus were unable to establish primary rat embryo fibroblasts (REF; 19), a result which supported the notion that the establishment and transformation activities of large T are separable and possibly take place at different subcellular locations. More recent results suggest that nonnuclear large T can immortalize. showed that a cytoplasmic mutant could effectively immortalize REF when expressed together with the neomycin selectable marker. Similarly, a cytoplasmic variant of large T constructed by Segawa and Yamaguchi (37) was able to immortalize primary rat brain cells efficiently. A third line of evidence was provided by the studies of Michalovitz et al. (25) , which showed that cytoplasmic mutant large T was able to cooperate efficiently with an activated Ha-ras in the transformation of early-passage REF. These studies all argue that large T need not be in the nucleus to perform either establishment or transformation functions. While it is difficult to rule out the possibility that small amounts of large T may reach the nucleus by leakage, the observed efficiency of the effects described is less consistent with their being caused by a very minor population of large T than with their being caused by a nonnuclear species of the protein.
It has been known for some time that large T antigen, a product of the early region of simian virus 40 (SV40), is capable of transforming both primary and established rodent cells in culture (47) . Typically, following viral infection, dense foci of morphologically distinct cells appear on monolayers of unaltered cells. When plated in semisolid medium, cells derived from such foci are able to grown in an anchorage-independent manner. They also form tumors when injected into susceptible hosts.
Studies with other viral oncogenes, however, have shown that transformation of primary and established cells may not be carried out by the same viral functions. Land et al. (17) and Ruley (35) showed that certain classes of oncogenes were able to rescue primary cells from senescence without conferring upon them a typical transformed phenotype, as measured by focus formation or anchorage-independent growth. This ability to confer on primary cells the capacity for continued proliferation has been referred to as establishment or immortalization. Earlier work suggested that immortalization is distinct from the subsequent process of transformation and tumorigenesis and that the two processes occur in the nucleus and cytoplasm, respectively. Most recent work has indicated that the division between immortalization and transformation is not absolute in that certain immortalizing oncogenes, like c-myc (14, 42) , can render cells tumorigenic when expressed at high levels. Similarly, expression of moderately high levels of the prototype transforming oncogene Ha-ras can itself immortalize cells (15) .
For SV40 large T, it is not known whether immortalization of primary cells and phenotypic transformation of established cells are carried out by the same or different functions.
Some of the known biochemical activities of large T have been mapped to the amino-terminal region of the protein.
Most notably, the domain required for binding of large T to sequences at the viral replication origin has been localized to a region which begins at amino acid 149 and extends past residue 200 (24, 28, 32, 38) . However, mutants which lack origin-binding activity retain the ability to transform both primary and established cells phenotypically, indicating that origin binding is dispensable for full transformation (22, 23, 29, 33, 44) .
A region required for the nuclear localization of large T has been defined between amino acids 126 and 132. Analysis of mutants has shown that these sequences are not required for transformation of established cells in culture (8, 12, 18) . However, their role in immortalization remains controversial. Initial studies suggested that mutants which failed to localize to the nucleus were unable to establish primary rat embryo fibroblasts (REF; 19 ), a result which supported the notion that the establishment and transformation activities of large T are separable and possibly take place at different subcellular locations. More recent results suggest that nonnuclear large T can immortalize. Vass-Marengo et al. (48) showed that a cytoplasmic mutant could effectively immortalize REF when expressed together with the neomycin selectable marker. Similarly, a cytoplasmic variant of large T constructed by Segawa and Yamaguchi (37) was able to immortalize primary rat brain cells efficiently. A third line of evidence was provided by the studies of Michalovitz et al. (25) , which showed that cytoplasmic mutant large T was able to cooperate efficiently with an activated Ha-ras in the transformation of early-passage REF. These studies all argue that large T need not be in the nucleus to perform either establishment or transformation functions. While it is difficult to rule out the possibility that small amounts of large T may reach the nucleus by leakage, the observed efficiency of the effects described is less consistent with their being caused by a very minor population of large T than with their being caused by a nonnuclear species of the protein.
The only other known biochemical function which appears to be associated with the amino-terminal portion of large T antigen is the ability to stimulate DNA synthesis in quiescent SV40 T-ANTIGEN REGION NEEDED FOR CELL TRANSFORMATION 3351 cells (9) . This activity has not been localized to any particular region within the amino-terminal half of the protein, although the finding that a large T-related protein, D2, which lacks residues 1 to 82 of the authentic sequence, was active in this regard suggests that sequences shared between the large and small T antigens are not essential for this function (41) . In adenoviruses and the E5 protein of bovine papillomavirus, the ability to transform has not been separated from the ability to stimulate host cell proliferation (20, 43, 49) , indicating that the two activities are tightly linked. No T antigen mutants have been reported which are defective in the stimulation of cellular proliferation. Therefore, the role of this activity in transformation by SV40 remains unexplored.
There is evidence indicating that the amino-terminal segment of large T extending from residues 1 to -150 has transforming activity in selected cell lines in the absence of additional T sequences (1, 4, 5, 31, 39, 40, 46) . Thus, one or more functions unique to this region appear to be sufficient for maintenance of neoplastic phenotype, at least in some cells. In keeping with this contention, a number of laboratories have generated mutants within the amino-terminal region of large T which are defective in the ability to transform cells (12, 36, 37, 45) . In particular, Kalderon (2) . Since all of the mutants used were present in exon 2 of the SV40 early region, the BstXI-BamHI fragment of the wild-type WWTS vector was replaced with the corresponding fragment derived from the plasmids generated by Kalderon and Smith (13) . The fragment from pPVU-0 which is the parent of the mutants was similarly inserted such that T2WWTS and P2pPVU-0 are both wild-type early-region genomic vectors.
Tex is a similar vector into which large T cDNA was inserted (10) . This vector therefore codes for only large T, whereas all of the others code for both large T and small T. P2 cells were transfected and subjected to G418 selection by methods described previously (3, 21 all of the mutants immortalized rat cells (see below), further work would be necessary to make certain that K7, K9, C8, and C22 are overly defective. We then determined whether the mouse cells established by the aforementioned mutant large T antigens were fully transformed. To minimize phenotypic differences which might be due to variations in the rates of large T synthesis, lines were screened for expression of large T antigen by indirect immunofluorescence. The cells were grown on cover slips, fixed, and stained for large T with monoclonal antibody PAb419. All lines exhibited nuclear fluorescence, although intensity was variable (data not shown). Cells with the brightest fluorescence were selected for further study.
The selected lines were tested for the ability to grow in low concentrations of serum (2% was used in this study) and for the ability to grow in an anchorage-independent manner ( Fig. 4 . The data show that large T was present at roughly equivalent levels in all of the lines tested.
The apparent molecular weight of the protein encoded by the T50-L11 mutant is estimated to be about 82,000, compared with 90,000 for full-sized large T. The difference is somewhat larger than might be expected, since a deletion of 28 amino acids should reduce the molecular weight by -3,000. PVU-1 large T always migrated slightly faster in this gel system than did the wild-type protein, although its deletion spans no more than S amino acids and might not be expected to alter the size of the protein greatly (see Fig. 5 ). One possible explanation for the aberrant migration of both of these proteins might be that the state of phosphorylation of the mutant T antigens is significantly different from that of the wild type, thereby leading to greater migrational effects than would be expected as a result of the deletion alone. The deletions in PVU-1 and T50-Lll affect residues which are known to be phosphorylated in large T, that is, Ser-106, Ser-111, Ser-112, Ser-123, and Thr-124.
All of the mutant large T antigens bound to p53, although the amounts of p53 detected in these immunoprecipitates varied more than did the amounts of large T. The significance of this observation is unclear, since the levels of p53 do not correlate with any of the properties measured here.
The results of this analysis strongly suggest that the failure of cells that express mutant large T antigens to exhibit a fully transformed phenotype is due to a defect in the function of large T itself rather than to variations in the level of expression. The data support the conclusion that the integrity of the region between amino acids 105 and 115 of large T is required for full transformation, although large T-bearing mutations in this region still retains its ability to establish early-passage MEF.
Abilities of transformation-defective mutants to establish REF.
Since the putative transforming region of large T between residues 105 and 115 was originally defined by using established rat cell lines rather than mouse cells, we tried to confirm our results by using early-passage REF.
Initially, we infected REF with retroviruses in experiments which paralleled those described using MEF. However, we found that with few exceptions, the colonies we selected expressed extremely low levels of full-sized large T. Because of this difficulty, the infection approach was abandoned and cotransfection of plasmids carrying the different large Tcoding sequences and a plasmid encoding the neomycin resistance marker was performed. Following 2 weeks of selection with the antibiotic G418, colonies were picked and expanded as before. This approach permitted examination of a reasonable collection of mutants. Specifically, all of those denoted in Fig. 1 were tested this way. Table 3 presents the results of three independent experiments. The number of colonies that survived the selection process with each mutant is presented, together with the number of wild-type colonies detected in the same experiment. Each mutant was able to establish REF in this assay, although the efficiency of immortalization by each mutant varied from experiment to experiment and, in some cases, appeared to be less than that observed with mouse cells. On average, mutant large T antigens were less effective than the wild type, but in light of the variability in the assay, it was not possible to conclude that any mutant was strikingly defective in the ability to establish early-passage REF. (Fig. 5) . The levels of large T encoded by deletion mutants T50-L11 and PVU-1 seemed to be decreased relative to the wild type in these experiments, and no full-length large T was detected in the line of cells established by mutant K9. Two fragments of 60 and 50 kilodaltons appeared to be immunoprecipitated instead. These were not investigated further, nor was the stability of the large T encoded by the deletion mutants examined. Although a number of factors may have contributed to the observed phenotype of the cell lines, the data obtained with the point mutants generally support the conclusion drawn from the results described earlier, i.e., that the failure of the cells to grow in suspension was due largely to a defect in large T itself. The position of the mutations tested localized the defect to the region between amino acids 105 and 115 of large T antigen.
DISCUSSION
Much research in recent years on SV40 large T antigen has attempted to correlate biological actions of the protein with known biochemical activities. A powerful method to do this has been the use of specific mutations introduced in the protein at known positions, followed by analysis of the resulting biological and biochemical phenotypes. Much effort has centered on mapping of the regions of DNA associated with replication and transformation and on establishing the corresponding biochemical activities. Here, we examined a group of mutants which had been reported to be wild type for replication but defective in transformation of Rat-1 cells as judged by focus formation but for which no known biochemical lesions were reported. The data we obtained show that the integrity of the region between amino acids 105 and 115 of large T is required for full transformation of both primary and established cells in culture. The close clustering of the point mutations, all of which result in a transformation defect, suggests that this region forms at least part of a functional domain. The observation that, in most cases, transformation-defective mutants retained the ability to immortalize early-passage fibroblasts indicates that the function of large T that enables it to establish cells and the function responsible for its ability to promote anchorageindependent growth are separable.
Consistent with this, J. (14) .
A clue as to a possible function of the putative transforming domain identified here might be found in the observation that this region shares considerable primary and predicted secondary structure similarities with conserved region 2 of the adenovirus ElA gene products (7, 16, 43) . In adenoviruses, mutations within the domain 2 sequence have been shown to impair the ability of the ElA products to cooperate with an activated ras oncogene and to induce proliferation of quiescent primary baby rat kidney cells (27) .
The known biological effects of large T antigen are consistent with the idea that the sequences between amino acids 105 and 115 might provide similar functions within the large T molecule. It has been reported that amino-terminal fragments as short as 130 amino acids can efficiently complement polyomavirus middle T antigen in the transformation of secondary REF (48) . Furthermore, analysis of a number of mutants has suggested that the ability of large T to stimulate DNA synthesis in quiescent cells resides within the aminoterminal portion of the molecule (41) . In addition, Sompayrac and Danna (40) and Pipas et al. (31) have observed that the N-terminal -125 residues of T antigen has clear transforming activity in C3H10T1/2 cells, a continuous line of otherwise untransformed murine fibroblasts.
The notion that the amino terminus of large T antigen possesses some of the functions of the ElA region of adenoviruses is an intriguing one which has recently been tested. (i) Other evidence from our laboratory suggests that mutations within the 105-to-115 region of large T antigen can lead to defects in its ability to cooperate with ras in the formation of foci on monolayers of secondary REF (E. Marsilio and E. Paucha, unpublished data). (ii) Moran (26) has recently found that the 101-to-118 region of T antigen can substitute functionally for the ElA domain 2 sequence in a suitable chimeric protein. Specifically, the recombinant was able to cooperate with ras in a cotransformation assay on primary cells. (iii) Since completion of this work, it has also been shown that large T antigen interacts with the product, p110, of the retinoblastoma susceptibility gene and that this interaction is inhibited by mutations with the sequences between 105 and 115 (6) . This correlation suggests that at least part of the contribution of T antigen, and of the 106-to-114 segment therein, to the viral transforming process is to bind to and, possibly, modulate the function of a known suppressor of neoplastic growth. Two questions that arise from such a conclusion are how pllO works and how T antigen might lead to its functional perturbation. As part of the examination of these questions, it will be interesting to learn whether the 106-to-114 sequence is the only segment of large T antigen which contributes to pllO binding.
The correlation between (i) transformation as judged by focus formation (13) and growth in agar (reported here) and (ii) binding of p110, the retinoblastoma susceptibility gene product (6) , all of which are defective in PVU-1, T50-L11, and Kl, is in striking contrast (Table 4) to the ability demonstrated here to immortalize both mouse and rat primary cells. Thus, irrespective of the biochemistry associated with the 106-to-114 domain and of the modulatory effect that large T antigen binding has on pllO activity, it is clear that immortalization by SV40 large T antigen is independent of these functions. Another interesting issue is identification of the domains responsible for and the biochemical activities associated with immortalization by large T antigens.
